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Abstract 
Kidney filtration of the blood requires specialized cells known as podocytes. Podocyte 
slit diaphragms (SDs) are intercellular junctions that contribute to size-selective filtration, which 
excludes larger proteins from the urine. Abnormalities in SDs cause proteinuria and nephrotic 
syndrome, which refer to the excessive excretion of proteins through urine due to renal defects. 
Podocytes have been shown to exhibit apicobasal polarity, which can affect fundamental aspects 
of cell biology, including intercellular junction formation. Indeed, in humans and rodent models, 
mutations in genes encoding apical polarity proteins cause defects in SD formation and nephrotic 
syndrome. While previous research suggests key roles for apicobasal polarity in podocytes, there 
is no evidence that basolateral polarity proteins contribute to SDs. In fact, studies of basolateral 
polarity proteins in mouse podocytes revealed no obvious functional role, however we speculate 
this may be due to genetic redundancy in vertebrates. Thus, the role of apicobasal polarity in 
podocytes remains unclear. 
To explore the potential role of basolateral polarity proteins in SD formation, we 
examined the consequences of disrupting basolateral polarity proteins in Drosophila nephrocytes, 
which possess SDs remarkably similar in molecular composition and function as those in 
mammalian podocytes. Using confocal and electron microscopy we characterized SD integrity 
following loss of basolateral polarity proteins. Our study identified the basolateral polarity 
proteins Dlg, Scrib, Lgl, and Par-1 as novel regulators of nephrocyte SDs. Loss of basolateral 
polarity proteins also compromised the central function of nephrocytes—filtration of the fly 
hemolymph. We also performed genetic interaction studies, which suggest the basolateral 
polarity proteins work together, in concert with apical polarity proteins, to regulate SDs by 
promoting normal endocytosis and trafficking of SD proteins. 
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Given the recognized importance of apical polarity proteins and SD protein trafficking in 
podocytopathies, our findings connecting basolateral polarity proteins to these processes 
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Introduction 
          Due to a number of factors stemming from both environmental and genetic causes, renal 
disorders have grown tremendously in terms of incidence rates as well as burden on healthcare 
costs in recent years. According to the Center of Disease Control (CDC), that approximately 15 
percent of the adult population in the United States is afflicted with chronic kidney disease, with 
certain subsets of the population being targeted more heavily than others with respect to race and 
socioeconomic status1. Furthermore, the growing incidence of the disease has caused expenditure 
on treatment of end-stage renal disease to climb disproportionately, with spending exceeding as 
much as three percent of the annual healthcare budget in certain high-income countries2. These 
pressing concerns have led to significant research efforts on the functional components of the 
kidney in a variety of vertebrate and invertebrate model organisms. The kidney glomerulus is of 
primary focus given that renal filtration occurs here. In humans, the three-layered glomerular 
filtration barrier consists of fenestrated endothelial cells covered by the glomerular basement 
membrane, which then transitions into a layer of podocytes that possess interdigitating foot 
processes (Fig. 1)3. The zipper-like orientation of these foot processes enables the formation of 
thin, intercellular junctions known as slit diaphragms (SDs); these porous protein networks are 
believed to play a major functional role in the selective filtration of the kidneys due to the fact 
that mutations affecting SDs contribute to proteinuria and nephrotic syndrome. Numerous forms 
of kidney disease are also found to be associated with disruptions in SD formation and podocyte 
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Figure 1. Modified from Helmstadter et al. (2017). Diagram of mammalian glomerular filter (left) and Drosophila 
Garland-cell nephrocyte (right) ultrastructure indicates that podocytes function as a coordinated unit whereas 
nephrocytes are a cluster of individually-functional cells. The glomerular filter in mammals consists of three layers 
(fenestrated epithelium, basement membrane, and podocytes), while the two-layered fly filter lacks a fenestrated 
endothelium. Both cell types participate in size-selective filtration and share extensive homology.  
 
 
Figure 2. Polarization of typical epithelial cell (left), with apical and basal domains restricting one another. 
Structure of podocyte (right), along with associated foot processes, slit diaphragms (green), and indications of 
apical-basal polarity. Podocyte polarity deviates from standard epithelial cell polarity, with a restricted basolateral 
domain that sits on top of the glomerular basement membrane, and a widespread apical domain.  
 
         Genetic studies of podocyte development and associated proteins have revealed that a 
number of orthologs are present within Drosophila and play roles in the development of a 
functionally similar cell-type known as the nephrocyte. Proteins such as Nephrin and Neph1 are 
crucial for the formation of podocyte SDs, and these proteins have Drosophila orthologs of 
Sticks and stones (Sns) and Kin of irre (Kirre), respectively4, which have also been shown to be 
essential for the formation of SDs in nephrocytes. The SD components of nephrocytes also 
appear to play a role in the filtration of Drosophila hemolymph (Fig. 1). Such similarities 
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between the fly nephrocyte and mammalian podocyte, as well as the many genetic tools available 
in flies, make Drosophila an ideal model for studies aimed at identifying novel regulators of SD 
development and function. 
       One promising but poorly understood aspect of podocyte development and SD formation is 
the role of apical-basal polarity complexes. Podocytes are defined as specialized epithelial cells, 
and thus demonstrate apicobasal polarity; however, their polarity domains do not follow the 
typical distribution of polarity seen in epithelial cells, given previous findings of an expanded 
apical domain and restricted basal domain along SDs (Fig. 2)5. Furthermore, multiple apical 
polarity proteins, including Crumbs (Crb) and Par3, have already been found to be necessary for 
the establishment of podocyte polarity and slit-diaphragm formation in mouse podocytes and 
Drosophila nephrocytes 6,7. It was therefore hypothesized that basolateral-polarity proteins, such 
as Discs large (Dlg) and Scribble (Scrib), would be instrumental in establishing basolateral 
polarity of podocytes and ultimately influencing their filtration capabilities; however, studies in 
mice suggest that basolateral polarity proteins are not crucial for polarity since loss of Scrib or 
Dlg5 did not affect the formation of slit diaphragms or general kidney function6,8. Given the high 
degree of genetic redundancy in mammals, this finding may be attributed to the presence of other 
Scrib and Dlg protein family members in mice.  
          Due to these recent insights into the interaction between apical polarity proteins and 
podocyte and nephrocyte function, we sought to determine if there is any role for the basolateral 
polarity complex in slit diaphragm formation by investigating this question in Drosophila, which 
has a simplified genome with less genetic redundancy. In particular, we aimed to determine the 
potential roles of these complexes by quantitatively comparing the proper localization of the 
transmembrane adaptor protein ZO-1 (also known as Polychaetoid/Pyd in flies) between wild-
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type controls and flies with loss of key basolateral proteins. This is an effective analysis because 
ZO-1 has been found to have crucial interactions with SD proteins Neph1 and Nephrin, and 
knockdown (KD) of ZO-1 leads to the effacement of the nephrocyte cell surface and loss of slit 
diaphragm formation9. Thus, analysis of ZO-1 mislocalization can be used to identify defects 
that may result from the KD of basolateral polarity proteins. Based on data obtained from this 
methodology, loss of the core basolateral proteins in nephrocytes disrupted slit diaphragm 
formations to varying degrees, with loss of Dlg resulting in the most severe phenotypes. In 
particular, the results implicate Dlg, Scrib, Lgl, and Par-1 as core members of the basolateral 
polarity module due to the abnormal morphologies associated with their KD; however, it is 
important to note that Par-1 has been identified as an effector kinase not technically part of the 
core basolateral polarity proteins but previously shown to play an important role in the 
modulation of basal polarity10. For the purpose of this research, Par-1 will be regarded as a core 
protein within the basolateral polarity module. These findings were verified as indicators of SD 
integrity with electron microscopy and related analysis, such as quantification of SD presence 
along the GBM. Analysis of polarity domain localizations did not indicate highly specified 
domains, but rather diffuse and punctate organization of both apical and basal proteins, often in 
association with cytoplasmic structures. Furthermore, genetic interaction studies performed with 
apical polarity proteins Scrib and Lgl revealed the concerted regulation of SD formation by the 
apical and basal polarity modules, suggesting reciprocal effects between both domains on 
nephrocyte development.  
          The discoveries of our research further postulated whether the observed deficiencies in slit 
diaphragm formation were related to anomalies with cellular trafficking, particularly due to 
previous findings that apical polarity proteins regulate endocytic trafficking in nephrocytes11. 
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Given that early, recycling, and late endosomes can be visualized by staining with the Rab5, 
Rab7, and Rab11 antibodies12 (respectively), we proceeded to co-stain for ZO-1 and the various 
Rab proteins in wildtype controls as well as Par-1 and Dlg KD flies. Interestingly, Rab5 and 
Megalin (Mgl) have been shown to regulate endocytosis in nephrocytes and renal tubular cells, 
respectively13,14. In our study, evidence of genetic interactions in SD formation between Dlg, and 
either Mgl or Rab5 also highlighted the role of basolateral polarity in endocytosis. After finding 
a correlation between basal polarity proteins and endocytic markers, we aimed to quantify the 
changes in rates of endocytosis under the KD of either Dlg or Par1. This was done through a 
Dextran uptake assay, which further suggested a link between endocytic cellular trafficking and 
basolateral polarity in the context of slit diaphragm development. Lastly, we sought to identify 
the functional implications of disrupting basolateral polarity by analyzing hemolymph filtration 
following disruption of the basolateral polarity module. By comparing fly eclosion (a measure of 
survival) upon toxin exposure, a silver nitrate assay revealed that nephrocyte filtration is 
impaired with loss of basal proteins. Taken together, our study finds that the basolateral polarity 
module, in coordination with apical polarity proteins, regulates the endocytic machinery of the 
cell and ultimately regulates the trafficking of SD proteins in forming functional Drosophila 
nephrocytes.  
          
Materials and Methods 
Strains, Crosses, and Rearing 
       Experiments were conducted at 25 °C. Flies were kept in bottles or vials containing standard 
cornmeal media, and had yeast paste added in certain instances to promote mating and higher 
rates of laying by the females. Fly strains used include Dot-Gal4 (Dr. Deborah 
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Kimbrell, UC Davis), Sns-Gal4 (Dr. Susan Abmayr, Stowers Institute), par3xi106 
(Dr. Mark Peifer, UNC Chapel Hill), and those from the Bloomington Drosophila Stock Center: 
wildtype (yellow white or yw; #1495), UAS Dlg RNAi (#36771), UAS Scrib RNAi (#35748), 
UAS Lgl RNAi (#35773), UAS Par-1 RNAi (#32410), deficiency (df) uncovering scrib (#8105), 
df uncovering lgl (#24626), UAS Megalin RNAi (#33940), rab52 (#42702), UAS Par3 (fly 
Bazooka) RNAi (#2915). In order to test for genetic interactions between the basolateral polarity 
proteins, flies had KD of both Dlg and Scrib, or Dlg and Lgl. Likewise, genetic interactions with 
apical polarity proteins were performed with KD of Dlg in Crb and par-3 mutant backgrounds, 
and interactions with endocytic regulators were performed with KD of Dlg in Mgl and Rab5 
mutant backgrounds. In order to obtain desired genotypes through crosses, virgin female flies 
were continuously selected-for and isolated from the stock bottles/vials as parent generations laid 
new generations. Once enough virgin females of a particular Gal-4 or RNAi strain were obtained 
(roughly 6-12), they were then combined with 6-12 males of the indicated genotype in a fly vial 
filled with cornmeal media and yeast paste. These vials were then left to incubate at 25 °C until 
the females began to lay the new generation.   
 
Dissection and Immunostaining  
       Third-instar larval flies were collected in a dissecting dish containing 1X PBS (Phosphate-
Buffered Saline) solution, with sample sizes ranging from 5-15 larvae. Depending on the 
presence of genetic balancers, flies were sometimes selected for particular phenotypes such as a 
tubby or non-tubby appearance to ensure the presence of a specific genotype. Larvae had the 
posterior third of the body removed, followed by an inversion of the remaining tissue. They were 
then placed into an Eppendorf tube containing 1 mL of 1X PBS solution with 4% 
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paraformaldehyde, in which the larval carcasses were fixed for 20 minutes. Fixation of the 
inverted carcasses was followed by four 10-minute washes in 1 mL of 1X PBS solution 
containing 0.1% Triton X-100 (1X PBT). The wash solution was then replaced with 1 mL of 1X 
PBT containing 1% normal goat serum (PBTG)  at either an ambient temperature for an hour or 
at 4 °C overnight in order to block the tissue.  
         Afterwards, the block was replaced with 200 microliters of the primary antibody, and the 
samples were left at 4 °C for roughly 24 hours. Primary antibodies used included mouse anti ZO-
1/Pyd (Developmental Studies Hybridoma Bank - DSHB), mouse anti Dlg (DSHB), rabbit anti 
Lgl (Santa Cruz), guinea pig anti Scrib (David Bilder), guinea pig anti Par-1 (Denise Montell), 
rat anti Crb (Elizabeth Knust), guinea pig anti Neph-1 (Susan Abmayr), guinea pig anti Rab5 
(Akira Nakamura), rabbit anti Rab7 (Nakamura), and rabbit anti Rab11 (Nakamura). This was 
followed by a repeat of the washing procedure (Four 10-minute 1X PBT washes), and 
replacement of the final wash with 200 microliters of appropriate secondary antibodies 
(conjugated with Alexafluor dyes) and the nuclear stain DAPI. Samples were then transferred to 
a 4 °C refrigerator for another 24 hours. Time-sensitive cases required for a shortened, room-
temperature incubation (minimum of 4 hours) in one or both of the antibodies, although there 
appeared to be minimal deficiencies in the staining of such samples. Staining with the secondary 
antibody was followed by another round of the washing procedure, after which the samples were 
ready for mounting. Larval carcasses in their final 1X PBT wash were transferred to a dissection 
dish using a micropipette. The proventriculus and its attached Garland Cell nephrocytes were 
separated from each carcass, placed on a slide, and immersed in mounting media. 
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Microscopy and Analysis 
         Samples were visualized with a 488nm or 548 nm laser using standard confocal 
microscopy techniques on Zeiss LSM Pascal 5, LSM700, and LSM710 confocal microscopes. 
Analysis was done using the basic measurement tools of ImageJ to determine overall membrane 
perimeter length as well as the length of perimeter that was positive for ZO-1. Most of the tissue 
was visualized by generating “Z Stacks”, and analysis was done on individual z-projections from 
various sections in these cases. Qualitative analysis of localization was also performed on 
samples co-stained with relevant combinations of ZO-1, Neph1, Dlg, Lgl, Scrib, Par-1, Crb, 
Rab5, Rab7, and Rab11. Subsequent statistical analysis of ZO-1+ perimeter percentage was 
tested by Analysis of Variance with Tukey’s multiple comparisons test. Quantified TEM data on 
number of SDs per micrometer of GBM was statistically compared by Chi-Square analysis 
(Prism GraphPad8.1.2).  
 
Dextran Uptake Assay 
         Nephrocytes of the indicated genotypes were dissected and incubated for 15 minutes in 
Grace’s Insect Media (Gibco) with 10kD Dextran conjugated with Alexa 568 at a final 
concentration of 0.3mg/mL. After incubation, samples were washed 3x in media for 1 minute 
each then fixed in 4% PFA for 20 minutes. Cells were then washed 3x with PBS and mounted 
for imaging. All samples were prepared on the same day and imaged the same day, using 
identical microscope acquisition settings. Corrected Total Cell Fluorescence (CTCF) was 
measured using ImageJ. 
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Silver Nitrate Toxicity Assay 
To compare adult survival in control and KD animals, we transferred newly eclosed flies 
of the indicated genotypes into food vials (maximum density of 20 flies/vial). The number of 
flies alive was measured every 1-3 days, and flies were transferred to fresh food vials every 2-3 
days. Survival graphs were generated in GraphPad Prism 7.04, and statistical significance was 
determined using the Mantel-Cox log-rank test. For silver nitrate experiments, ten 1st instar 
larvae of the indicated genotypes were placed on Nutri-Fly Instant Food (Genesee Scientific) 
with or without 0.005% AgNO3 (Fisher). For each feeding experiment, 3-5 replicates were 
performed. The number of eclosed flies and dead pupae/larvae were scored and statistically 





Nephrocyte Slit Diaphragms Are Regulated By The Basolateral Polarity Module 
         To determine whether the basolateral polarity proteins serve any role in nephrocyte slit 
diaphragm formation, we dissected and immunostained the nephrocytes of flies with disruptions 
of the proteins Dlg, Lgl, Scrib, and Par-1. Individual nephrocytes were analyzed for ZO-1 
localization at the perimeter of the cell, and such data was compiled to give a comprehensive 
quantification of ZO-1-positive perimeter in the different transgenic crosses. Varying rates of 
ZO-1 mislocalization were evident in nephrocytes of basolateral polarity mutants, with signal 
being diminished and scattered around the perimeter as compared to WT nephrocytes, especially 
in Dlg RNAi lines (Figs. 3,5,7). Mislocalization of ZO-1 suggests defects in nephrocyte 
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development and slit diaphragm formation, which was confirmed via transmission electron 
microscopy (TEM). TEM results demonstrate that loss of proper ZO-1 localization due to loss of 
basolateral polarity proteins ultimately leads to changes in cell morphology, with evidence of 
membrane effacement and decreases in slit diaphragm presence that do not occur in Dot-Gal4 




A.             B. 
Figure 3. A. Localization of ZO-1 (green) in Dot-Gal4 control (left) and Dot-Gal4 x Dlg RNAi (right) nephrocytes. 
Loss of ZO-1 localization at perimeter of Garland cell nephrocytes suggests improper formation of slit diaphragms, 
whereas wildtype controls see proper development and nearly 100% of perimeter coverage with ZO-1. B. Quantified 
data on ZO-1 perimeter coverage in negative control and Dlg RNAi flies. Percentage of ZO-1 positive perimeter 
severely diminishes in RNAi line, once again highlighting the effects of basolateral polarity on nephrocyte 
development.  
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A.        B.  
Figure 4. A. Transmission electron microscopy images of control and Dlg RNAi nephrocytes. Adjacent endocytic 
vesicles (pink) and slit diaphragms (blue) along the GBM (yellow) are visibly present in the wildtype, whereas Dlg 
RNAi shows membrane effacement and loss of slit diaphragms. LC designates the labyrinthine channel, a membrane 
invagination, associated with a slit diaphragm. Images courtesy of Dr. John Poulton. B. Quantified data on the 
number of SDs per micrometer of nephrocyte cell surface in WT and mutant lines. Significantly fewer SDs form in 
Dlg KD flies as compared to the WT and negative control flies.  
 
 
Figure 5. Localization of SD protein Neph1 (green) and associated transmembrane adaptor protein ZO-1 (red) in 
wildtype shows complete and uniform coverage of the perimeter, with extensive colocalization of these proteins. 
Scrib and Lgl mutants, as well as Par-1 and Dlg RNAi nephrocytes all show varying degrees of mislocalization of 
these proteins, suggesting defects in SD formation. Notably, ZO-1 and Neph1 remain in complex in basolateral 
polarity deficient flies, indicating validity of ZO-1 as a reporter of SD integrity.  
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      After it was found that these proteins are crucial for proper ZO-1 localization and slit 
diaphragm formation, genetic interaction studies were performed on the core basolateral polarity 
proteins and analyzed for ZO-1 localization at the cell periphery in the same manner as above. 
Genetic interaction data between Dlg and either Scrib or Lgl suggest that these proteins work 
together throughout development in establishing slit diaphragms due to statistically significant 
decreases in ZO-1 positive perimeter as compared to single KD of Dlg (Fig. 6). In particular, 
disrupting Scrib or Lgl alone did not have drastic effects on the phenotype for ZO-1 localization, 
but coupling them with Dlg RNAi led to far greater mislocalization than seen in Dlg RNAi alone 





Figure 6. Genetic interactions within the basolateral polarity module. Shown are percentages of ZO-1 positive 
perimeter between wildtype control and crosses with single and double KDs of Dlg, Scrib, and Lgl. Isolated Scrib 
and Lgl KDs result in minimal mislocalization of ZO-1 as compared to WT, whereas Scrib+Dlg or Lgl+Dlg double 
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Basolateral Domain Organization and Interaction With Apical Domain 
 
       The genetic interaction studies revealed concerted relationships between the various 
basolateral polarity proteins in terms of ZO-1 localization in the nephrocytes. From here, we 
were faced with the question of whether the two polarity domains interacted with one another in 
regulating SDs due to their atypical localization patterns in comparison to standard epithelial 
cells. We thus investigated whether relationships exist between the basolateral polarity module 
and apical polarity proteins, both in terms of their respective localization and effects on ZO-1 
development through genetic interaction. Analysis of localization of apical and basal proteins in 
control and polarity mutant lines revealed diffuse, sometimes punctate patterns that appeared to 
be primarily associated with cytoplasmic structures for the basolateral polarity module (Fig. 7). 
Meanwhile, the distribution of the apical domain displayed broad associations with labyrinthine 
channels and SD proteins, with some cytoplasmic presence as well (Fig. 7). Such patterns did not 
give strong indication of potential function or interaction between these proteins, but did verify 




Figure 7. Staining for Dlg (green) in a wildtype nephrocyte (left). Similar, but largely non-overlapping  patterns 
were observed for other basolateral polarity proteins. Likewise, confocal imaging of apical polarity proteins Par3 
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(middle) and Crb (right) reveal their diffuse localization in the red channel, potentially in association with SDs and 
labyrinthine channels.  
 
 The broad and nonstandard localization patterns of the polarity domains suggested that 
they may have some concerted function with one another, which was verified via analysis of 
genetic interaction between Dlg and either Crb or par-3. Disruptions in either of the apical 
polarity proteins (Crb, par-3) did not notably impact SD formation as measured by ZO-1 positive 
perimeter, but performing these genetic manipulations in concert with Dlg RNAi significantly 
amplified the effects seen in the KD of Dlg alone (Fig. 8). With consideration of the results 
indicating that basolateral polarity proteins are not restricted to particular membrane domains, 
we identify that the basolateral proteins thus interact with apical polarity proteins in promoting 
SD formation.  
 
Figure 8. Apical polarity mutant backgrounds do not generate ZO-1 mislocalization on their own, but compound 
this effect when coupled with Dlg RNAi. This suggests genetic interactions between basolateral and apical polarity 
proteins.  
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Endocytic Trafficking In Nephrocytes Is Regulated By The Basolateral Polarity Module 
  Given the punctate pattern of ZO-1 mislocalization in the basal polarity KD cells, we 
hypothesized that they may also have defects in intercellular trafficking and ultimately affect the 
localization of slit diaphragm proteins. We therefore investigated the effects of Par-1 and Dlg 
RNAi on various aspects of endocytosis by examining the localization of Rab proteins associated 
with different stages of endocytosis, as well as their potential association with the mislocalized 
ZO-1 puncta. In general, both Par-1 and Dlg KD had the capacity to disrupt standard localization 
of early endosomal marker Rab5 (Fig. 9). Rab7 (recycling endosome) and Rab11 (late 
endosome) were also disrupted (data not shown). Notably, in Dlg and Par-1 KD nephrocytes, 
Rab5 displayed mislocalization into sporadically dispersed puncta along with close association 
with ZO-1 puncta, thus prompting the idea that ZO-1 and associated SD proteins may 
accumulate near Rab5-associated vesicles when cellular polarity is disturbed (Fig. 9).  
 
 
Figure 9. Localization studies for Rab5 (green) and ZO-1 (red). Control samples show standard localization of ZO-1 
at the cell periphery with Rab5-associated structures appearing to mostly line the internal side of the plasma 
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membrane. Loss of either basolateral polarity protein Dlg or Par-1 results in mislocalization of both ZO-1 and Rab5, 
with the presence of discrete Rab5-related vesicles right alongside puncta of ZO-1. 
 
  
To verify whether the associations seen in the Rab5 and ZO-1 stainings reflected a 
legitimate interaction between endocytic machinery and the basolateral polarity complex, we 
then performed an additional genetic interaction experiment between Dlg and the endocytic 
regulators discussed previously (Mgl, Rab5). The trends seen in the corresponding analysis were 
highly similar to those seen in the interaction with the apical domain, with endocytic regulator 
mutants not showing evidence of SD disruption when isolated; however, coupling either a Rab5 
heterozygous background or Mgl RNAi to Dlg RNAi exacerbated the drastic aggregation of ZO-
1 into internal, cytoplasmic regions of the nephrocyte (Fig. 10).  Conclusively, figures 9 and 10 
promote the idea that endocytosis in nephrocytes is regulated by basolateral polarity.   
 
 
Figure 10. Genetic interaction studies between Dlg and known endocytic regulators. Mutant backgrounds of these 
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Proper Nephrocyte Function Is Dependent On Basolateral Polarity Proteins 
 
       The analysis of endocytic vesicle localization suggests that basolateral polarity proteins are 
important for endocytic trafficking in nephrocytes. We therefore hypothesized that rates of 
endocytosis would be diminished following KD of polarity proteins. To test this, we performed a 
fluorescent 10kD Dextran uptake assay in controls and nephrocytes depleted of basolateral 
polarity proteins Dlg and Par-1. Consistent with our hypothesis, we observed a statistically 
significant decrease in intracellular 10kD dextran in nephrocytes depleted of basolateral polarity 
proteins, as measured by total cell fluorescence. Once again, the Dlg RNAi line had the greatest 
reduction in endocytosis, though the Par-1 RNAi also dropped substantially compared to the yw 
control (Fig. 11). Such data then reveals that developmental changes associated with basolateral 
polarity defects have an important relationship with endocytic trafficking, potentially in the sense 
that disrupted trafficking may have morphological consequences on slit diaphragm formation.  
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Figure 11. Results of 10kD Dextran uptake assay as measured by corrected total cell fluorescence between yw, Dlg 
RNAi, and Par1 RNAi crosses. Greater cell fluorescence intensity reflects increased levels of endocytic trafficking, 
thus revealing that both Par1 and Dlg deficient nephrocytes show significantly diminished rates of endocytosis. 
Additionally, disrupting Dlg continues to have a more severe phenotype associated with it in comparison to the Par1 
KD.  
 
 These findings on perturbed endocytic trafficking along with evidence of impaired SD 
development in basolateral polarity mutants then prompted the consideration that hemolymph 
filtration, the primary role of nephrocyte function, is also impaired in these mutants. Comparing 
pupal/larval survival between control, Dlg RNAi, and Par-1 RNAi flies in a toxin exposure assay 
reveals that RNAi lines have significantly decreased survival rates when exposed to silver nitrate 
(Fig. 12). This suggests that hemolymph filtration is impaired, with the nephrocytes being unable 
to retain and mark the toxin for degradation pathways. Interestingly, however, baseline survival 
rates are still reduced in both RNAi lines, highlighting the widespread and polarity-independent 




Figure 12. Silver nitrate toxicity assay. Exposure of larval flies to silver nitrate does not appear lethal in control 
flies, but significantly reduces survival through eclosion in RNAi lines due to disruption of basolateral polarity 
module and subsequent SD development.  
 
 Mysh 22 
 When these various findings are analyzed within the primary context of nephrocyte 
development, they suggest that basolateral polarity proteins coordinates with themselves, with 
the apical domain, and with endocytic machinery in trafficking SD proteins to their location 
within the cell. This relationship is depicted in figure 13 (with exclusion of apical proteins), 
which shows that the polarity module associates with all three endocytic vesicle types over the 
course of development. Specifically, Rab5 and Rab11 demonstrate interactions with ZO-1 at its 
correct location as an adaptor to SD proteins Nephrin and Neph1 in normally-developing 
nephrocytes (Fig. 13). These vesicles do not permanently remain at the SD, but appear to 
facilitate the trafficking of those proteins. When basolateral polarity is disrupted, however, the 
core members of the module are not capable of interaction with the endocytic machinery of the 
nephrocyte. As such, Rab5-labelled vesicles become associated with mis-trafficked SD proteins, 
and SDs cannot form between the nephrocyte foot processes (Fig. 13).   
 
 
Figure 13. Diagram of the proposed relationships between the basolateral polarity module, endocytic machinery, 
and slit diaphragm proteins. Disruption of polarity leads to accumulation of SD proteins in Rab5 adjacent vesicles 




Discussion and Conclusions 
 
        Although previous research of basolateral polarity proteins in mice podocytes suggested 
them as being dispensable, perhaps due to genetic redundancy, the results of this study suggest 
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an instrumental role of the basolateral polarity module (Dlg, Lgl, Scrib, and Par-1) in regulating 
the development of Drosophila nephrocytes and their slit diaphragm components. With this 
methodology, we were able to answer our first question regarding the role of basolateral polarity 
proteins and determine that they are necessary for proper formation of slit diaphragms as 
evidenced by their effect on ZO-1 localization. RNAi against basolateral polarity proteins 
diminished percentages of ZO-1 coverage at the perimeter of the cells relative to the 
approximately 98% ZO-1 positive control (Fig. 6). Discs large clearly appears to play the most 
significant individual role of these proteins, given that its ZO-1 positive perimeter dropped to 
around 50%, whereas Scrib and Lgl only decreased minimally compared to the control (Figs. 
5,6). Nonetheless, even slight mislocalization from loss of any of these proteins demonstrates 
that they have important roles in slit diaphragm regulation that had not been previously seen in 
mice.  
        The second question which we sought to answer was whether or not there appears to be any 
genetic interaction between the different basolateral polarity proteins, and the data regarding 
interactions between Dlg and either Scrib or Lgl suggests that these proteins do coordinate in 
some complex manner that is more than just additive. If Dlg and one of the other two proteins 
were operating independently of one another, then it would be likely that ZO-1 mislocalization 
of the double KD would be similar to the Dlg single KD since Scrib and Lgl alone had minor 
effects on ZO-1. Due to the fact that the percentages dropped much more significantly, even by 
as much as 25% in the case of Dlg and Scrib RNAi, we can deduce that these proteins are likely 
functioning as some sort of complex that is greater than the sum of its parts. As such, more 
research efforts should look to determine interactions between other basolateral polarity proteins 
that might have previously been regarded as insignificant. In fact, this consideration is what 
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prompted the investigation of the interaction between the basal and apical domains, which 
ultimately revealed a significant association of these domains in regulating SDs. Nonetheless, 
causality cannot be assigned to these findings, especially with evidence indicating that the 
localization of apical protein Crb was disrupted in Nephrin KD flies. It is thus possible that the 
disruption of SDs, either due to KD of Nephrin or disruption of the basolateral polarity module, 
is responsible for the patterns of mislocalization seen for apical polarity proteins in such mutants, 
rather than the two domains regulating one another. Ultimately, these results are significant in 
highlighting the atypical polarity domains of nephrocytes, as well as the concerted interactions 
within the basolateral polarity module and with apical polarity proteins.  
        From there, the relationship between basal proteins and endocytosis became a question of 
focus, particularly given the previous findings suggesting such an association with apical 
proteins. Coupling the results of the endosomal marker localization studies with the dextran 
uptake assay and Rab5/Megalin genetic interaction results reveals that genetic disruption of the 
basolateral polarity complex may be linked to defective cellular trafficking. In particular, the 
localization of ZO-1 puncta near regions of Rab5-associated structures in Dlg and Par-1 mutants 
indicates that there may be mistrafficking of slit diaphragm and slit diaphragm-regulating 
proteins by early endosomes. Though the recycling and late endosomal markers (Rab7 and 
Rab11, respectively) did not display a clear pattern in relation to ZO-1, their general 
mislocalization in such mutants may also be evidence that those stages of endocytosis are 
disturbed as well. Such findings are especially interesting in the context of a previous study 
where Rab5 was shown to play a role in proper slit diaphragm development15. Moreover, the 
verification of disrupted endocytosis via analysis of 10kD dextran uptake in Dlg and Par1 
mutants provides further evidence that loss of basal polarity is closely related to endocytic 
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defects. Despite the causality and the full extent of the relationship between polarity complexes 
and endocytic vesicles remaining unclear, an additional study found that apical polarity mutants 
(specifically Crumbs) also show disrupted endocytosis16.  
The functional assay that investigated toxin exposure continued to validate these findings, 
with particular focus on the overall idea that basolateral polarity mutants have defects in SDs and 
thus show impaired filtration of fly hemolymph. As mentioned in the figure caption, however, 
both the Par-1 and Dlg RNAi flies  show diminished survival rates in the negative control groups 
that were not exposed to silver nitrate. This can be attributed to the many other documented roles 
of these proteins in nephrocytes, many of which are polarity-independent and include 
metabolism, cell cycle, proliferation, etc.10. Regardless, it is evident that the survival rates still 
drop significantly in the KD flies but show minimal change in the wildtype, thus partially 
accounting for the discrepancy in baseline survival and indicating defects in filtration. Given the 
findings of this study on apical and basal polarity regulation, as well as endocytosis and 
hemolymph filtration, it is concluded that apicobasal polarity proteins appear to regulate 
endocytic trafficking of SD proteins in the process of establishing functional slit diaphragms.  
        These new findings regarding the presence and function of basolateral polarity proteins in 
Drosophila nephrocytes have a number of potential implications for future studies in the field of 
nephrology. First, these findings open up questions regarding the effect of localization on the 
function of basolateral polarity proteins. We are hoping to analyze ZO-1 localization in fly 
strains that transfer these proteins to different regions of the nephrocyte. For instance, one 
particular fly strain is capable of localizing Dlg to the apical domain of the nephrocytes, whereas 
another will localize it to the basolateral domain. By looking at the relative rates of ZO-1 
mislocalization in these transgenic lines, additional questions could be answered regarding the 
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functionality of these proteins in the future. More importantly, similar studies should be 
considered in a number of vertebrate model organisms, just as was done in the mouse with Scrib 
and Dlg56,8; however, our data suggest it may require deletion of multiple members of a given 
protein family to overcome potential genetic redundancy in those animals. The results of this 
study indicate novel and significant roles for the basolateral polarity module in nephrocyte 
development, and must be revisited in vertebrate models to account for the greater numbers of 
protein family members, as is the case with Dlg and Scrib. Thorough investigations into the 
complex relationships among core polarity proteins in vertebrate models thus has the potential to 
elucidate the role of basolateral polarity in human podocytes, ultimately providing greater insight 
into causes and treatments for polarity-related podocytopathies.  
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